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Abstract 13 
Amplifying both internally generated variability and remote climate signals from the 14 
Atlantic Ocean via coupled air-sea instabilities, the eastern tropical Pacific (ETP) is well 15 
situated to detect past climate changes and variations in Central American wind systems 16 
that dynamically link the Atlantic and the Pacific. 17 
Here we compare new and previously published alkenone-based sea surface 18 
temperature (SST) reconstructions from diverse environments within the ETP, i.e. the 19 
Eastern Pacific Warm Pool (EPWP), the equatorial and the northern Peruvian Upwelling 20 
regions over the past 100,000 years. Over this time period, a fairly constant meridional 21 
temperature gradient across the region is observed, indicating similar hydrographic 22 
conditions during glacial and interglacial periods. The data further reveal that millennial-23 
scale cold events associated with massive iceberg surges in the North Atlantic (Heinrich 24 
events) generate cooling in the ETP from ~8°N to ~2°S. Data from Heinrich event 1 25 
however indicate that the response changes sign south of 2°S. These millennial-scale 26 
alterations of the SST pattern across diverse environments of the ETP support previous 27 
climate modeling experiments that suggested an Atlantic-Pacific connection caused by 28 
the intensification of the Central American gap winds, enhanced upwelling and mixing 29 
north of the equator and supported by positive air-sea feedbacks in the eastern tropical 30 
Pacific. 31 
 32 
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1. Introduction 36 
The ETP is home to the El Niño-Southern Oscillation (ENSO) phenomenon, which 37 
affects weather and climate patterns worldwide. Recent studies on remote triggers of ETP 38 
climate variability have suggested possible extratropical atmospheric influences 39 
(Alexander et al., 2010; Caballero and Anderson, 2009; Vimont et al., 2003), along with 40 
potential effects from tropical Atlantic SSTs (Okumura et al., 2009; Timmermann et al., 41 
2007; Zhang and Delworth, 2005). Given the limited degrees of freedom in the short 42 
instrumental record, the Atlantic/tropical Pacific linkage is difficult to establish with 43 
statistical confidence. Paleo-climate data could provide additional insight into the 44 
mechanisms that communicate Atlantic climate anomalies into the tropical Pacific. 45 
Moreover, understanding this pan-oceanic atmospheric bridge and the associated changes 46 
in moisture transport across Central America (Leduc et al., 2007; Richter and Xie, 2010) 47 
will shed further light on the long-term behavior and stability of the Atlantic Meridional 48 
Overturning Circulation vis-à-vis Deep Water Formation in the North Pacific (Okazaki et 49 
al., 2010). 50 
Here we compare three ETP alkenone-based SST reconstructions of the past 100,000 51 
years that document a recurring link between Atlantic and Pacific climate on millennial 52 
timescales, thus extending previous studies that identified a connection between Atlantic 53 
climate change, Pacific hydroclimate variability (Benway et al., 2006; Leduc et al., 2007; 54 
Pahnke et al., 2007) and Pacific SSTs (Kienast et al., 2006; Pahnke et al., 2007; Koutavas 55 
and Sachs, 2008) during the last glacial termination. We perform empirical orthogonal 56 
function (EOF) analyses of these three 100,000 years long SST records and of a 57 
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compilation of eleven previously published alkenone-based SST records from the ETP 58 
covering the last 25,000 years. 59 
 60 
2. Regional setting 61 
The ETP is characterized by prominent climatic asymmetries and large seasonal 62 
variations in wind patterns, surface currents, temperature and salinity. North of the 63 
equator, the EPWP is characterized by annual mean temperatures exceeding 27.5°C and 64 
exceptionally low salinities (~32 practical salinity units, psu), resulting from intense 65 
rainfall associated with the Intertropical Convergence Zone (ITCZ) and atmospheric 66 
water vapor export from the Caribbean across the Panama Isthmus (Joussaume et al., 67 
1986; Mitchell and Wallace, 1992; Li and Philander, 1996; Xie et al., 2005) via the 68 
northeasterly trade winds (Fig. 1).  69 
Straddling the equator on the other side are the southeasterly trade winds that 70 
converge into the northern hemisphere ITCZ. These winds cause Ekman divergence 71 
along the equator and give rise to the equatorial Cold Tongue (mean SST of 24°C, Fig. 72 
1d). The southeasterly trades also cause upwelling off the coast of Peru. The Peru Current 73 
advects cold coastal waters into the far eastern tropical Pacific, thus contributing to the 74 
low temperatures in the Cold Tongue region.  75 
The seasonal cycle of ETP SST and ocean currents is linked to the seasonal 76 
meridional migration of the ITCZ (Fig. 1 a-d). During present-day boreal summer & 77 
autumn (May to late November), when the ITCZ is in its northernmost position (10-12°N, 78 
Fig. 1b), the southerly winds are strongest over the equator and the Equatorial and 79 
Peruvian Upwelling intensify (Fig. 1d; Wyrtki, 1981). A strong meridional SST gradient 80 
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develops across the equator, between the EPWP and the Cold Tongue with a well-81 
pronounced Equatorial Front
 
near 2–5ºN (Wyrtki, 1996; Pak and Zaneveld, 1974). At the 82 
equator, SSTs are at their minimum in September (Fig. 1d). 83 
This stage is contrasted by conditions in boreal winter and spring (December to 84 
April), when the ITCZ is at its most equatorial position, strong northeasterly trades cross 85 
the Central American Isthmus (Fig. 1a) and southeast trade winds and the equatorial Cold 86 
Tongue are relatively weak
 
(Fig. 1c; Li and Philander, 1996). SSTs reach their maximum 87 
in March. As the strong northeasterly trades accelerate through topographic gaps in the 88 
Central American Cordillera, they form smaller-scale features known as the Tehuantepec, 89 
Papagayo and Panama wind jets (Fig. 1a; Xie et al., 2005; Chelton et al., 2000). The wind 90 
stress curl associated with these jets causes localized upwelling, thermocline changes and 91 
SSTs minima extending off the coast off Central America (Fig. 1a and 1c; Kessler, 2002; 92 
Xie et al., 2005; Willett et al., 2006). Of particular importance is the Panama Jet (January 93 
to April) which generates a cold SST patch in its wake (Fig. 1c) that can inhibit 94 
convection and breaks the winter ITCZ into two parts
 
(Alory et al., 2012). The Papagayo 95 
Jet and its related wind stress curl pattern create the so-called Costa Rica Dome, an 96 
oceanic upwelling center where the thermocline ascends to very near the sea surface 97 
(Fiedler, 2002; Kessler, 2006). A local SST minimum at 9°N, 89°W marks the Costa Rica 98 
Dome (Fig.1c), which ranges in diameter from 100 to 900 km. These gap winds (i.e., 99 
winds that are accelerated by an along-gap pressure gradient) have been associated with 100 
variations in the Caribbean trade winds (Frankenfield, 1917) and high pressure systems of 101 
midlatitude origin that move southeastward across the Gulf of Mexico (a.k.a. “Northers” 102 
or “Central American Cold Surges”; Schultz et al., 1997; 1998).  103 
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 104 
3. Material 105 
Here we present an extended 100 kyr-long record of alkenone-based (UK‟37-) SST 106 
reconstructions from core ME0005A-43JC (hereafter ME43) collected off the Costa 107 
Rican margin in the EPWP (Fig. 1a). We compare this record with two UK‟37-SST 108 
reconstructions from the equatorial Cold Tongue environment (ME0005A-24JC and 109 
ME0005A-27JC, hereafter ME24 and ME27, respectively), recently published by Dubois 110 
et al. (2011). Note that Kienast et al. (2006) recently published SST reconstructions from 111 
the last 25 kyr for ME24 and Dubois et al. (2009) for ME27 and ME43. 112 
 113 
3.1 Core locations 114 
Core ME43 (7°51.35‟N, 83°36.50‟W, 1368 m water depth) was collected during the 115 
ME0005A expedition aboard the R/V Melville in 2000, off the Costa Rican margin in the 116 
EPWP. Sediment cores ME24 (0°01‟N, 86°27‟W, 2941 m water depth) and ME27 117 
(1°51‟S, 82°47‟W, 2203 m water depth) were recovered during the same expedition as 118 
core ME43. The strategic location of these cores across this complex oceanographic 119 
region is ideal to detect hydrographic changes (Fig. 1). As shown in the main text, both 120 
coastal and equatorial upwelling systems co-exist in the ETP. Our southernmost core site 121 
ME27 is affected partly by the highly productive waters originating from of the coastal 122 
upwelling region off Peru, where deep subantarctic-sourced, nutrient-rich water are 123 
upwelling that originate from the deeper part of the Equatorial Under Current (EUC). 124 
Core ME24 is situated within the Equatorial Upwelling zone, where shallower waters 125 
from the upper EUC branch reach the surface via the equatorial divergence (Dugdale et 126 
  7 
al., 2004). The local hydrology at our northern most core site ME43 is not affected by 127 
local upwelling dynamics, as it is situated in the lee of the Talamanca Cordillera, which 128 
reaches altitudes of 3,000 to 4,000 m above sea level (Chelton et al., 2000). At this core 129 
location, mean annual SST is higher than 28°C (Benway et al., 2006). However, site 130 
ME43 is situated in-between the Costa Rica Dome and the SST minimum associated with 131 
the Panama Jet (Fig. 1c), and may be sensitive to intensification of either of these 132 
upwelling centers. 133 
 134 
3.2 Age models 135 
All age models are based on previously published planktonic foraminifera radiocarbon 136 
dates collected via accelerator mass spectrometry (AMS), benthic oxygen isotope 137 
stratigraphy, and the detection of the Los Chocoyos Ash Layer (Drexler et al., 1980) in 138 
ME24 and ME27 (see Tables 1-2 and Fig. 2 for details and data sources). We updated the 139 
age models for all three cores using the recently published MARINE13 calibration data 140 
set (Reimer et al., 2013). All radiocarbon dates were converted to calendar ages using the 141 
Calib 7.0 program. For ME43, a reservoir age of 558 years, the regional average for the 142 
west coast of Central America (Stuiver and Reimer, 1993) was employed. For ME24 and 143 
ME27, a reservoir age of 467 years was employed. The calendar age with the median 144 
probability was selected (Table 1). Age models were created by linearly interpolating 145 
between derived calendar ages. 146 
Age model for core ME43 was updated from Benway et al. (2006). The use of a new 147 
calibration data set (MARINE13) only leads to small deviations (<450 yr) from the 148 
calendar ages published by Benway et al. (2006) using MARINE04 (Hughen et al., 2004; 149 
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See Table 1). Note that for the interval 23-85 kyr BP, Benway et al. (2006) correlated 3 150 
planktonic 18O tie points to GISP2 18O (Grootes and Stuiver, 1997) and 6 benthic 18O 151 
tie points to MD95-2042, a core from the Iberian Margin (MD95-2042, 37°48‟N, 152 
10°10‟W) whose stratigraphy was based on correlating planktonic 18O to GRIP 18O 153 
(Shackleton et al., 2000). Here we chose to correlate all three benthic oxygen isotope 154 
records (A. Mix, unpubl. data) to the benthic stack LR04 (Lisiecki and Raymo, 2005; See 155 
Fig. 2). This leads to small changes in the original ME43 age model, reaching a 156 
maximum of 1.4 kyr around 46 and 54 kyr BP (Fig. 2 and Table 2). These results are 157 
available from the National Climatic Data Center at http://www.ncdc.noaa.gov/data-158 
access/paleoclimatology-data/datasets/paleoceanography.  159 
As pointed out in previous studies, the assumption of a constant reservoir age in 160 
radiocarbon dating is challenging, especially in upwelling regions, given the likelihood of 161 
variations in upwelling intensity and exchange with the atmosphere (Marchitto et al., 162 
2007; Singarayer et al., 2008). While we acknowledge the potential chronological error 163 
associated with this uncertainty, we do not yet have the ability to account for this. 164 
The temporal resolution of core ME43 is one sample every 400 years on average for the 165 
last 30 kyr, and 1 sample every 610 years on average for the interval 30-100 kyr BP. 166 
Cores ME24 and ME27 have similar resolution with - on average - one sample every 340 167 
years and one sample every 650 years, respectively. 168 
 169 
4. Methods 170 
4.1 Laboratory analysis 171 
Core ME43 was analyzed for alkenone unsaturation at Dalhousie University. Total lipids 172 
  9 
were extracted from 1.5 to 3 g aliquots of freeze-dried sediment samples using a Dionex 173 
Accelerated Solvent Extraction system (ASE200). These extracts were saponified using 174 
potassium hydroxide and purified through silica column chromatography. The purified 175 
extracts were analyzed by gas chromatography (Agilent 6890N) at Dalhousie. The UK‟37 176 
index was calculated according to the relative concentrations of the di- and tri-177 
unsaturated C37 alkenones: UK′37 = [C37:2]/[C37:2 + C37:3]. Sea-surface temperature 178 
estimates (UK‟37-SST) were calculated from the ratio of the concentration of the di- and 179 
triunsaturated alkenones, using the calibration of Prahl et al. (1988): SST (°C) = (UK‟37-180 
0.039)/0.034. This calibration has recently been shown to best relate alkenone 181 
unsaturation to sea surface temperatures in the ETP (Kienast et al., 2012). Based on 182 
replicate analysis, the analytical precision of the method is ±0.01 UK′37 units (0.3°C). 183 
The standard calibration error is estimated at ±1.5°C. These results are available from the 184 
National Climatic Data Center at http://www.ncdc.noaa.gov/data-185 
access/paleoclimatology-data/datasets/paleoceanography.  186 
 187 
4.2 Empirical orthogonal functions 188 
Empirical orthogonal function (EOF) analyses are performed here on two different 189 
compilations of UK‟37-SST reconstructions of the ETP, abbreviated as vector 190 
T(t)=(Ti(t)). The first one is based on the SST reconstructions of cores ME43, ME24 and 191 
ME27 and covers the period from 100 to 5 kyr BP. The second one is performed on a set 192 
of recently published alkenone-based SST reconstructions from the ETP and covers the 193 
last deglacial period (25-5 kyr BP).  194 
EOF analysis is a commonly used statistical method that determines the leading 195 
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orthogonal patterns (denoted as ei) of variability of a multivariate dataset T(t) and their 196 
corresponding principal components pi(t), such that T(t)=i pi(t) ei. The corresponding 197 
principal component pi(t) can be expressed as the scalar product pi(t)=T(t)ei.  198 
The contribution of each EOF to the SST evolution at a sediment core location is 199 
determined by multiplying the corresponding principal components with the EOF pattern 200 
loading at this site. EOF patterns are ranked based on their explained variance to the total 201 
multivariate dataset. Prior to the EOF analysis all the SST reconstructions were linearly 202 
interpolated onto the same equidistant time grid with a grid spacing of 100 years. 203 
Locations of the ETP cores used in the deglacial EOF computation are given in Table 3, 204 
along with the actual EOF values for each core. Original UK‟37-SST reconstructions 205 
used in the deglacial EOF are shown in Fig. 3. Note that we have used an updated age 206 
model for core V19-30, as presented by Kienast et al. (2013). 207 
 208 
5. Results 209 
5.1 UK’37-SST reconstructions 210 
All three SST records reveal a long-term cooling trend from 100 to 17 kyr BP, 211 
followed by a more rapid warming during the deglaciation and the Holocene (Fig. 4b-d). 212 
The dominant glacial/interglacial SST magnitude ranges from 1.5°C-2.5°C. A striking 213 
feature revealed by all three data sets is an unusually warm period (80-100 kyr BP) 214 
during MIS5, with temperatures exceeding those of the Holocene by up to 1°C. 215 
To determine the spatial inhomogeneity of orbital-scale variability we calculated the 216 
SST differences between the sites (SST, Fig. 4f-h). In order to avoid large amplitude 217 
variability due to age model uncertainties and outlier samples, we computed the SST 218 
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after a 15 points smoothing of the SST curves re-sampled at 500 years intervals (Fig. 4b-219 
d). We find that the low-frequency temperature gradients between the 3 sites remain 220 
relatively stable through the last 100 kyr varying by no more than +/- 1°C. A slight long-221 
term increase in the gradient between the EPWP and Cold Tongue can be observed in Fig. 222 
4g and h (ME43-ME24 and ME43-ME27). 223 
Millennial-scale oscillations are superimposed on this long-term trend, with highest 224 
amplitudes during MIS3. Dubois et al. (2011) noticed that the SST difference between 225 
ME24 and ME27, both located in the Cold Tongue region remains relatively constant 226 
over the last 100 kyr, except during rapid and pronounced millennial-scale cooling 227 
intervals during which the SST gradient is minimal. Interestingly, the SST record of 228 
ME43, located further north in the EPWP, reveals millennial-scale cooling intervals that 229 
appear to coincide within dating uncertainty with the cooling events observed in the Cold 230 
Tongue. Note that the SST records in Fig. 4f-h cannot be used to infer millennial-scale 231 
changes between the cores since these records have been smoothed.  232 
 233 
5.2 EOF analysis 234 
To identify the leading patterns of orbital and millennial-scale variability during the 235 
last glacial period, we computed the leading Empirical Orthogonal Function (“long-term” 236 
EOF) mode of the linearly interpolated SST records ME24, ME27 and ME43. The first 237 
mode explains 93.7% of the joint variance for these three cores and shows a monopole 238 
pattern of EOF loadings (Fig. 5a). The corresponding principal component (Fig. 4e, 5d) is 239 
characterized by the large-scale glacial signal and millennial-scale variability. Millennial-240 
scale features in this mode coincide with the exceptionally cold stadials in northeastern 241 
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North Atlantic SST (Fig. 5d, blue line) and the associated periods of iceberg surging 242 
(Heinrich events) H1, H2, H4, H5 and H6.  H3 is not evident and H4 is not well marked 243 
in our Pacific SST records. However, the interpretation of ETP sedimentary records is 244 
complicated by the fact that they are of lower temporal resolution and affected by local 245 
processes. While there is thus no one-on-one match between North Atlantic/Greenland 246 
events and the ETP paleoceanographic events presented here, we nevertheless interpret 247 
the cooling in the ETP during H1, H2, H4, H5 and H6 to be indicative of a strong linkage 248 
between the Atlantic and the ETP. 249 
This Atlantic/Pacific linkage is further corroborated by a deglacial EOF analysis of 250 
eleven ETP SST reconstructions covering the period of the last glacial termination and 251 
the early Holocene. For this analysis we used UK‟37-based SST from cores V19-27, 252 
V19-28, V19-30, V21-30, RC11-238, MD02-2529, JPC32-14, ME24, ME27, ME43 and 253 
TR31 (See Table 3 for locations and original references). Note that this set of cores is 254 
located between 8.1°N and 3.3°S and thus extends further south than the longer cores 255 




 deglacial EOF modes (e1, e2) and their 256 
corresponding principal components (p1(t), p2(t)). The leading deglacial SST mode in the 257 
ETP, explaining 80.5% of the total variance, is also monopole pattern (Fig. 5b). Its time-258 
evolution is characterized by a cooling during Heinrich event 1 (H1, 17-15 kyr BP), a 259 
relatively fast warming at around 15.5 kyr BP, a stalling of temperatures during the 260 
Younger Dryas (YD) period and a subsequent gradual temperature rise into the mid 261 
Holocene (Fig. 5e). The second EOF mode of deglacial temperatures in the ETP explains 262 
10.0% of the variance and reveals a N-S dipole pattern (Fig. 5c). Its time-evolution is 263 
characterized by cooling during both H1 and H2 (Fig. 5f).  264 
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 265 
6. Discussion 266 
6.1 Orbital-scale variations in ETP SST 267 
As shown in Figure 4, the temperature gradients between the 3 long-term records remain 268 
relatively stable throughout the last 100 kyr. This near-stationary temperature offset 269 
between the EPWP, the Equatorial Upwelling and the northern Peru Upwelling regions 270 
over the last 100 kyrs suggests that the dynamics regulating SST on glacial-interglacial 271 
timescales affected these environments uniformly. However, a slight long-term increase 272 
in the gradient between the EPWP (ME43) and Cold Tongue (ME27 and ME24) can be 273 
observed in Fig. 4f and 5g (between 100 and 15 kyr BP). Furthermore, the larger glacial 274 
(MIS2-4) gradient between the two Cold Tongue sites (Fig. 4h) suggests a stronger 275 
cooling in the Peru Upwelling (ME27) relative to the Equatorial Upwelling environment. 276 
This observation supports previous findings of enhanced advection in the Peru Current 277 
during glacials compared to interglacials (Kaiser et al., 2005; Dubois et al., 2009). 278 
The leading deglacial principal component (Fig. 5b and e) exhibits a monopole pattern, 279 
most probably controlled simultaneously by different local and remote forcings. Figure 280 
5e suggests that although CO2 is already increasing at 18 kyr BP (blue curve in Fig. 5e), 281 
PC1 does not increase until 15.5 kyr BP partly because it is compensated for by the drop 282 
in solar insolation in the boreal fall (October, November, December, OND, orange 283 
dashed curve in Fig. 5e) and the resulting temperature effect in December, January, 284 
February (DJF). Note: SSTs in the ETP lag the annual cycle insolation forcing and its 285 
modulation through the Milankovitch cycles by about 2 months. This lag emerges from 286 
the mean mixed layer depth of about 30m and a thermal damping timescale of about 3 − 287 
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4 months (Barnett et al., 1991). 288 
 289 
6.2 Millennial-scale variability in the ETP  290 
Most research on suborbital timescales in the Eastern Pacific focused on the 291 
hydrologic cycle and sea surface salinity variations (e.g. Benway et al., 2006; Leduc et al., 292 
2007; Pahnke et al., 2007). Significant disparities emerged and were already discussed by 293 
Pahnke et al. (2007) and Prange et al. (2010), highlighting the difficulty of paleosalinity 294 
reconstruction as well as the complexity of the regional hydrology. 295 
Although many SST reconstructions exist for the ETP, using various proxies such as 296 
planktonic 18O, microfossil assemblages or Mg/Ca, few have the resolution necessary to 297 
investigate millennial-scale features. Those that have the required resolution focused on 298 
the deglaciation, in particular H1 and the YD (Kienast et al., 2006; Pahnke et al., 2007; 299 
Koutavas and Sachs, 2008; Kienast et al., 2013), and will be discussed further in 300 
paragraph 6.3. Leduc et al. (2007) presented a UK‟37-SST record for core MD02-2529 301 
(8°12.33‟N, 84°07.32‟W; hereafter MD29), which is located close to ME43. The UK‟37-302 
SST record of MD29 shows very similar millennial-scale features to the record of ME43, 303 
including the cooling events which we observe further south in the Cold Tongue (Fig. 6). 304 
Match between the two SST records could be improved even further by carefully aligning 305 
the age models, which is beyond the scope of the present manuscript. Note that in this 306 
figure, we have applied the Prahl et al. (1988) calibration equation to convert the UK‟37 307 
index into SST for both of the records.  308 
Interestingly, Mg/Ca records of high enough resolution do not reveal millennial-scale 309 
events typical of the Northern or Southern Hemisphere (e.g. Lea et al., 2006; Pena et al., 310 
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2008). One explanation for these discrepancies might be the fact that Mg/Ca records are 311 
markedly affected by the preservation of foraminiferal shells (Herbert, 2003; Mekik et al., 312 
2007; Regenberg et al., in press). Another interpretation may be related to potential 313 
seasonal sensitivities of Mg/Ca data in the ETP (Sachs, 2008; Timmermann and Timm, 314 
2008) and the fact that in Coupled General Circulation Models the Atlantic/Pacific 315 
atmospheric connections is most pronounced during boreal spring (Xie et al. 2008, their 316 
Figure 11). 317 
The first long-term (Fig. 5d) and the second deglacial (Fig. 5f) principal components 318 
exhibit the key millennial-scale features captured by the northeastern Atlantic UK‟37-319 
SST reconstruction of core MD01-2444 (37°33.68′N, 10°08.53′W; Martrat et al., 2007) 320 
(Fig 5f, blue line), thus supporting the evidence for an Atlantic/EEP connection. MD01-321 
2444, located off the Iberian Margin, has been chosen here as a template for North 322 
Atlantic SST variability representing millennial-scale variability with high enough 323 
resolution. Nearby SST records from e.g. the Alboran Sea (Cacho et al., 1999) show very 324 
similar features to MD01-2444. We think that anomalously strong northeasterly winds 325 
across Central America are the most likely explanation for this Atlantic-Pacific linkage, 326 
causing the millennial-scale SST excursions we observe in the ETP. Strong cross-isthmus 327 
winds (section 2) would enhance upwelling along the Central American Coast and the 328 
southwestward advection of cold water towards the equator. 329 
 330 
6.3 Comparison to modeling studies 331 
The prevalent millennial-scale Atlantic/Pacific connection identified here in proxy 332 
SST data is also simulated by Coupled General Circulation Models (CGCMs). 333 
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Anomalous northeasterly winds across Central America are a feature seen in most 334 
CGCMs in response to North Atlantic water hosing experiments (Zhang and Delworth, 335 
2005; Timmermann et al., 2007). These experiments typically show a robust 336 
intensification of the gap winds across Central America (Xie et al., 2008), an anomalous 337 
anticyclone over the Caribbean, a southward shift of the ITCZ in the tropical Atlantic and 338 
ETP and an intensification of the Aleutian Low (Okumura et al., 2009). Enhanced 339 
northeasterly trades in the EPWP generate enhanced evaporation, mixing and upwelling 340 
and subsequent cooling. This cooling can further spread across the equator via air-sea 341 
interactions (Xie et al., 2008), such as the Wind-Evaporation-SST feedback, thus 342 
explaining the synchronized temperature changes on millennial timescales seen by the 3 343 
100 kyr long ETP UK‟37-SST data sets presented here. 344 
Further south, this surface wind anomaly is responsible for anomalous ocean 345 
downwelling. Zhang and Delworth [2005] simulated a cooling of ~1°C north of the 346 
equator off the coast of Central America and a warming of ~0.4°C centered around 7°S in 347 
the Cold Tongue. Kienast et al. (2013) recently observed such a pattern of SST 348 
distribution during the H1 interval, in particular a slight warming in cores V19-28, V19-349 
30 and TR31, which are located south of our three long records (between 2°22‟S and 350 
3°35‟S, Fig. 5b and c). This dipole pattern is clearly captured in the second deglacial EOF 351 
(Fig. 5c). Note that the EOF pattern (positive in the North) has to be multiplied with the 352 
negative value of PC2 during Heinrich events to produce the cooling in the North and 353 
warming in the South. Results showing the ETP SST difference between strong and weak 354 
AMOC simulated by a GFDL CM2.1 idealized waterhosing experiment (Zhang and 355 
Delworth 2005, Timmermann et al. 2007) are shown as contours in Fig. 5c.  356 
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The limit between cooling and warming in the data set presented by Kienast et al. 357 
(2013) for H1 is located ~2°S (cooling in RC11-238 at 1°31‟S and warming in V19-28 at 358 
2°22‟S). Assuming that the boundary between the warming/cooling during Heinrich 359 
events has stayed more or less constant through time, our southernmost core ME27 at 360 
1°51‟S would not have experienced the warming predicted by Zhang and Delworth 361 
(2005). Unfortunately, none of the published records located further south extends back 362 
in time to 100 kyr BP. 363 
Because the deglacial set of cores includes cores south of 2°S (V19-28, V19-30 and 364 
TR31) experiencing warming during H1, the amplitude of cooling of the deglacial PC1 365 
during H1 is significantly damped in comparison to the long-term PC1 (Fig. 5d and e). 366 
On the other hand, all the other records north of 2°S experience cooling, as expected (Fig. 367 
3). In summary, the deglacial EOF pattern exhibited by ETP UK‟37-SST records is 368 
consistent with the meridional dipole pattern in the Eastern Pacific simulated by CGCMs 369 
in response to North Atlantic AMOC changes (Zhang and Delworth, 2005; Timmerman 370 
et al., 2007, Merkel et al. 2010). 371 
 372 
7. Conclusions 373 
Over the last 100 kyr, we observe a largely constant temperature offset between the 374 
EPWP, the Equatorial Upwelling and the northern Peruvian Upwelling region based on 375 
three cores stretching from 8°N and 2°S. This suggests that on orbital time-scales, the 376 
dynamics regulating SST affected these three environments uniformly. Superimposed on 377 
the glacial-interglacial SST pattern at these sites, we observe abrupt cooling events of up 378 
to 2 degrees during most Heinrich events. We suggest that these millennial-scale cooling 379 
  18 
events are related to cooling in the North Atlantic and the resulting intensification of the 380 
Central American gap wind system. Regional upwelling associated with the gap winds 381 
likely lead to significant contributions of cold waters originating from the coast of Central 382 
America to the equatorial region. 383 
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Figure captions  559 
Figure 1. (a) Relief of the Central American Isthmus with core locations (white dots) and 560 
approximate location of low-level wind-jets (gaps winds, purple arrows). 561 
Climatological QuikScat wind vectors (2000/01 - 2008/12 inclusive) show wind 562 
  26 
direction and speed for March (a) and September (b). QuikScat data are produced by 563 
Remote Sensing Systems and sponsored by the NASA Ocean Vector Winds Science 564 
Team. Data are available at www.remss.com. The lower panels show mean monthly 565 
SST for March (c) and September (d) based on satellite estimates (AVHRR Pathfinder 566 
Version 5.0 data; Casey et al., 2010). Numbers next to core sites in (c) show the 567 
leading long-term EOF1 pattern. 568 
 569 
Figure 2. Benthic 18O records (Uvigerina peregrina) and LR04 stack (Lisiecki and 570 
Raymo, 2005) for (a) core ME43 on its original age scale (Benway et al., 2006), (b) 571 
core ME43 (c) core ME24 and (d) core ME27 on age scales as updated in this study. 572 
Black triangles indicate AMS-14C dates, black circles indicate benthic tie-points and 573 
grey bars indicate the Los Chocoyos Ash Layer (Drexler et al., 1980). 574 
 575 
Figure 3. Original UK‟37-SST time series used for the deglacial EOF. Data for core 576 
ME24 are from Kienast et al. (2006). Data for core JPC32-14 are from Pahnke et al. 577 
(2007). Data for core MD29 are from Leduc et al. (2007). Data for cores V19-27, 578 
V19-28, V19-30, V21-30 and RC11-238 are taken from Koutavas and Sachs (2008). 579 
Data for cores ME27, ME43 and TR31 are from Dubois et al. (2009). 580 
 581 
Figure 4. Downcore reconstruction of UK‟37-SST of the three cores versus age for the 582 
last 100 kyr. From top to bottom: (a) Greenland NGRIP 18O temperature record. (b) 583 
ME43 UK‟37-SST (original and 15-pt smoothed). (c) ME24 UK‟37-SST (original and 584 
15-pt smoothed). (d) ME-27 UK‟37-SST (original and 15-pt smoothed). (e) The 585 
  27 
principal component corresponding to the leading long-term EOF1. (f) Sea surface 586 
temperature difference (SST) between ME43 and ME24. (g) SST between ME43 587 
and ME27. (h) SST between ME24 and ME27. The dashed horizontal line in (h) 588 
represents the propagated analytical error above which the SST is significant. The 589 
color shading in (b), (c) and (d) represent the analytical error. Grey vertical intervals 590 
mark the glacial stages MIS2 and 4, as indicated on the top of the figure. Dashed 591 
vertical lines mark the North Atlantic ice rafting and melt-water events: Younger 592 
Dryas (YD), Heinrich events (H1–H6).  593 
 594 
Figure 5. Leading modes of SST variability: The upper (lower) panels show the patterns 595 
(principal components) of the EOF modes of UK‟37-SST reconstructions from ETP 596 
cores. (a) EOF analysis based on SST reconstructions (5-100 kyr BP) from cores 597 




 EOF analysis based on the 25-5 kyr BP 598 
section of cores V19-27, V19-28, V19-30, V21-30, RC11-238, MD02-2529, JPC32-14, 599 
ME24, ME43, ME27 and TR31 (Kienast et al., 2006; Leduc et al., 2007; Pahnke et al., 600 
2007; Koutavas and Sachs, 2008; Dubois et al., 2009; Dubois et al., 2011; Kienast et 601 
al., 2013). The contour lines represent SST anomalies from a climate model 602 
experiment conducted with the GFDL CM2.1 model (Timmermann et al., 2007), 603 
representing present-day control run (100 year mean) minus the AMOC off case (100 604 
year mean). (d) The principal component corresponding to the leading long-term EOF 605 
(red) and the UK‟37-SST reconstruction from the eastern North Atlantic core MD01-606 
2444 (Martrat et al., 2007; blue). (e) The principal component corresponding to the 607 
leading deglacial EOF (red), along with equatorial insolation during October, 608 
  28 
November, December (OND, normalized; orange dashed) and atmospheric CO2 (Lüthi 609 
et al., 2008; blue). (f) The principal component corresponding to the second deglacial 610 
EOF (red), along with UK‟37-SST reconstruction from eastern North Atlantic core 611 
MD01-2444 (Martrat et al., 2007; blue). 612 
 613 
Figure 6. Comparison of the UK‟37-SST from ME43 and MD29 (Leduc et al., 2007), 614 
both located in the Panama Basin.  615 
1. Millennial-scale cooling events occur in the East Pacific during Heinrich events 
2. N. Atlantic SST anomalies affect Central American gap winds and thus the E. Pacific 
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C Age SD Calendar Age SD Species
[cm] [kyr] [kyr] [kyr] [kyr]
ME-24 17.5 3.26 0.03 2.99 0.06 N. dutertrei
ME-24 48.5 7.10 0.04 7.52 0.04 N. dutertrei
ME-24 81 9.04 0.04 9.62 0.06 N. dutertrei
ME-24 230 13.90 0.04 16.16 0.08 N. dutertrei
ME-24 291 15.70 0.09 18.50 0.11 N. dutertrei
ME-24 351 18.05 0.07 21.24 0.14 N. dutertrei
ME-27 41 7.43 0.04 7.83 0.05 N. dutertrei
ME-27 91 13.65 0.07 15.84 0.12 N. dutertrei
ME-27 120 17.20 0.07 20.18 0.11 N. dutertrei
ME-27 160 22.20 0.10 25.97 0.09 N. dutertrei
ME-43 13 3.10 0.04 2.80 0.04 N. dutertrei
ME-43 26 4.94 0.04 5.18 0.08 N. dutertrei
ME-43 91 10.45 0.06 11.46 0.15 N. dutertrei
ME-43 131 13.70 0.08 15.90 0.13 N. dutertrei
ME-43 186 17.90 0.10 21.04 0.16 N. dutertrei
ME-43 208 19.15 0.11 22.54 0.12 N. dutertrei
Table 1
Click here to download Table: Dubois_Table1.xlsx
Table 2. Age models as updated in this study
Depth (cm) Age (kyr BP) Dating method
ME43: Age model published by Benway et al. (2006)
13 2.68 radiocarbon MARINE04
26 5.06 radiocarbon MARINE04
91 11.39 radiocarbon MARINE04
131 15.56 radiocarbon MARINE04
186 20.51 radiocarbon MARINE04
208 22.12 radiocarbon MARINE04
228 23.30 planktic O18 strat. (tied to GISP2)
238 24.00 planktic O18 strat. (tied to GISP2)
281 28.94 planktic O18 strat. (tied to GISP2)
286 29.14 benthic O18 strat (tied to MD95-2045)
421 38.97 benthic O18 strat (tied to MD95-2045)
516 45.53 benthic O18 strat (tied to MD95-2045)
696 57.81 benthic O18 strat (tied to MD95-2045)
736 62.74 benthic O18 strat (tied to MD95-2045)
956 83.18 benthic O18 strat (tied to MD95-2045)
ME43: Age model as updated in this study
13 2.72 radiocarbon MARINE13
26 5.04 radiocarbon MARINE13
91 11.26 radiocarbon MARINE13
131 15.99 radiocarbon MARINE13
186 20.47 radiocarbon MARINE13
208 22.23 radiocarbon MARINE13
386 33.00 benthic O18 strat. (tied to LR04)
465 39.00 benthic O18 strat. (tied to LR04)
642 53.00 benthic O18 strat. (tied to LR04)
696 57.81 benthic O18 strat. (tied to LR04)
770 66.00 benthic O18 strat. (tied to LR04)
871 75.00 benthic O18 strat. (tied to LR04)
966 85.00 benthic O18 strat. (tied to LR04)
ME24: Age model as updated in this study
17.5 2.99 radiocarbon MARINE13
48.5 7.52 radiocarbon MARINE13
81 9.62 radiocarbon MARINE13
230 16.16 radiocarbon MARINE13
291 18.50 radiocarbon MARINE13
351 21.24 radiocarbon MARINE13
522 39.00 benthic O18 strat. (tied to LR04)
612 48.00 benthic O18 strat. (tied to LR04)
692 53.00 benthic O18 strat. (tied to LR04)
980 84.00 Ash layer (min in CaCO3)
ME27: Age model as updated in this study
41 7.83 radiocarbon MARINE13
91 15.84 radiocarbon MARINE13
120 20.18 radiocarbon MARINE13
160 25.97 radiocarbon MARINE13
173 29.00 benthic O18 strat. (tied to LR04)
271 49.00 benthic O18 strat. (tied to LR04)
301 54.00 benthic O18 strat. (tied to LR04)
331 61.00 benthic O18 strat. (tied to LR04)
431 84.00 Ash layer (min in CaCO3)
522 110.00 benthic O18 strat. (tied to LR04)
Table 2
Click here to download Table: Dubois_Table2.xlsx
Table 3. List of cores used in the deglacial EOF computation 
Core name Depth degl. degl. References
Lat. Long. (m) EOF1 EOF2
MD29 8°12'N 84°07'W 1619 0.1974 -0.1751 Leduc et al. (2007)
ME43 7°51'N 83°36'W 1368 0.231 0.0126 Dubois et al. (2009)
JPC32-14 4°39'N 77°57'W 2200 0.2139 0.777 Pahnke et al. (2006)
ME24 0°01'N 86°27'W 2941 0.2754 0.4135 Kienast et al. (2006)
V19-27 0°28'S 82°40'W 1373 0.2277 0.0504 Koutavas & Sachs (2008)
ME27 1°51'S 82°47'W 2203 0.3117 0.0996 Dubois et al. (2009)
V21-30 1°13'S 89°41'W 617 0.206 -0.0573 Koutavas & Sachs (2008)
RC11-238 1°31'S 85°49'W 2573 0.4787 -0.0585 Koutavas & Sachs (2008)
V19-28 2°22'S 84°39'W 2720 0.3987 -0.2706 Koutavas & Sachs (2008)
V19-30 3°23'S 83°31'W 3091 0.326 -0.1896 Koutavas & Sachs (2008)
TR31 3°37'S 83°58'W 3209 0.3167 -0.2572 Dubois et al. (2009)
Location
Table 3
Click here to download Table: Dubois_Table3.xlsx
